It is well established that a number of organic acids are fermented by clostridial species. Pyruvate is utilized by Clostridium butylicum (19) , C. formicoaceticum (1) , and C. saccharolyticum (6) . C. butyricum and C. pasteurianum grow with pyruvate as the carbon and energy source (14) , whereas C. thermosaccharolyticum, C. roseum, and C. rubrum utilize this compound for growth only in the presence of a hexose such as glucose or fructose (14, 20) . Acetate is fermented together with ethanol or L-lactate by C. kluyveri and C. tyrobutyricum, respectively (3, 4) . L-Lactate is fermented by C. propionicum (5) and C. formicoaceticum (1) . C. tartarivorum grows with D-tartrate and with Lmalate and fumarate in the presence of acetate (25) . Finally, L-malate and fumarate are utilized for growth by C. formicoaceticum (1) .
Little is known about the fermentation of citrate by anaerobic spore formers. In an article concerning clostridia in silage, Gibson (9) mentioned that "C. sphenoides has shown the ability to ferment both malate and citrate."
Using a medium containing citrate as the energy source, we undertook to isolate anaerobic spore formers from various mud samples. Several strains capable of growth with citrate were obtained. Interestingly, all of them belonged to the same species, C. sphenoides. This publication describes the isolation and characterization of these strains and the course of citrate fermentation by C. sphenoides.
MATERIALS AND METHODS
Bacterial strains. The reference strain of C. sphenoides (NCIB 10627) was purchased from the National Collection of Industrial Bacteria, Aberdeen, Scotland. Eighteen strains of 12 clostridial species were from the German Collection of Microorganisms (DSM), Gottingen, Germany, and 20 strains of 7 species were from H. J. Kutzner, Darmstadt, Germany. (The strains are listed in Table 2.) Media. Citrate medium contained 50 mM trisodium citrate, 0.03% (NH4)2SO4, 0.06% NaCl, 0.006% CaCl2 *2H2O, 0.2% K2HPO4, 0.34% KH2PO4, 0.4% yeast extract (Difco), 0.2% peptone (Difco), and 0.06% sodium thioglycolate. In some experiments, 0.03% L-cysteine-HCl * H20 was used instead of sodium thioglycolate. The final pH was 6.7 to 7.0. Citrate agar medium contained 1.5% agar (Difco).
To test for utilization of other substrates, the medium described above was used except that citrate was replaced by the substrate to be tested. Substrate concentrations and final pH were those recommended by Holdeman and Moore (12) . Where indicated in the text, the PY and PYG media of Holdeman and Moore (12) were employed. All media for isolation and characterization of the organisms were prepared, as described by Hungate (15) , under an atmosphere of oxygen-free nitrogen.
Isolation procedure. Mud samples (1 g, wet weight) were placed in nitrogen-flushed, screw-cap culture tubes. After the addition of 9 ml of oxygenfree, sterile 0.03% NaCl, the tubes were closed tightly and then shaken for approximately 1 (24) , and acetate (13) . Quantitative determinations of the fermentation products (see Table 1) were carried out by using gas chromatography with Chromosorb G AW DMCS (60/80 mesh) plus 5% silicon gum rubber UC1 W-982. A Perkin-Elmer model 3920 gas chromatograph equipped with a flame ionization detector was used.
Growth experiments were carried out in Bellco tubes with 10 ml of medium or in 5-liter flasks. Turbidity was measured with a Zeiss PM 4 spectrophotometer at 600 nm in cuvettes with 1-cm light path.
Fermentation balances. To determine the products formed, a fermentation train was used resembling the one described by Dawes et al. (7) . Cells from the early stationary phase of growth were harvested, washed with oxygen-free 0.1 M potassium phosphate buffer (pH 6.9), and suspended in 5 ml of 0.1 M potassium phosphate buffer (pH 6.6). The fermentation train was carefully flushed with nitrogen; 30 ml of the above buffer and 5 ml of cell suspension (0.4 g [wet weight]/ml) were added to the fermentation vessel. After incubation of the cell suspension for 10 min with stirring, fermentation was started by addition of 1 mmol of citrate in 10 ml of water. The suspension was incubated for 4 to 6 h at 40°C, and the fermentation was terminated by the addition of 0.5 ml of phosphoric acid. During the fermentation and for 30 min thereafter, a stream of nitrogen was allowed to pass slowly through the apparatus. CO2 and H2 were determined as described by Dawes et al. (7) .
DNA base composition. Citrate-grown cells were harvested at the end of the logarithmic growth phase and washed with a solution containing 0.15 M NaCl and 0.1 M ethylenediaminetetraacetate, pH 8 .0. Isolation and purification of deoxyribonucleic acid (DNA) were carried out by the method of Marmur (22) . The guanine-plus-cytosine (G+C) content of the DNA was determined by the thermal denaturation method (21) . Determination was carried out with a Pye Unicam SP 1800 spectrometer with an automatic cuvette changer. The temperature was raised at a rate of 30°C per h (Lauda U3-S15 thermostat coupled to a Lauda P 120 linear temperature programmer). The temperature was measured directly in the DNA sample cuvettes with Pt 100-resistant sensors and a Doric digital thermometer. Absorbance and temperature were read every minute and printed by a PA BCD-Moduprint. The melting temperature was determined graphically after (10) and purified by paper chromatography in the butanol-(2)-formic acid system of Hirsch (11) .
Fermentation of the radioactive citrate samples by resting cells of C. sphenoides C2 was determined by using the fermentation apparatus described above. The amounts of cells used and of citrate added were the same as in the determination of fermentation balances. After the fermentation was terminated, the cells were removed by centrifugation, and a portion of the supernatant was applied to a Dowex 1-formate column (75 by 8 mm Cells of the isolated strains of C. sphenoides were peritrichous flagellated. Figure 1 shows a negatively stained cell of strain C2. Cells of C.
sphenoides grown either on citrate or on glucose frequently showed asymmetric cell division (Fig. 2) . With glucose as the substrate, the cells were normally larger than with citrate. When the latter substrate was employed, a high percentage of sporulated cells could be seen; many of them were wedge-shaped, which is typical for C. sphenoides (Fig. 2D ).
In the medium employed, growth of C. sphenoides was dependent upon the presence of citrate; only slight growth occurred in its ab- 33, 1977 on January 6, 2018 by guest http://aem.asm.org/ Downloaded from sence (Fig. 3) . For strain C2, optimum substrate concentrations were between 40 and 60 mM. Higher citrate concentrations were inhibitory. Table 3 gives the amounts of products formed per millimole of citrate fermented. Acetate and carbon dioxide were the main products, but ethanol and molecular hydrogen were also formed.
The key enzyme of the anaerobic breakdown of citrate is citrate lyase. Its stereospecificity is such that C4 and C5 of citrate yield acetate and that Cl and C6 become the carboxyl groups of oxaloacetate (Fig. 4) .
The labeled in positions 1, 4, 5, and 6, respectively, were fermented by cell suspensions of C. sphenoides C2, the labeling of the fermentation products was in accordance with the scheme shown in Fig. 4 (Table 4) . Thus, it appeared that citrate lyase is involved in the degradation of citrate by C. sphenoides and, although it is very unstable, the enzyme can indeed be detected in cell extracts of this organism. DISCUSSION In 1920, C. sphenoides was isolated from wounds by Douglas et al. (8) . Since then, this organism has been included in a number of comparative studies of clostridial species (9, 12, 17, 26, 27, 29, 31, 33) . Apart from these taxonomic investigations, C. sphenoides has not, to our knowledge, been the subject of further studies. Similarly, the fermentation of citrate by anaerobic sporeformers has not been studied.
The results presented in this publication demonstrate that the ability to ferment citrate is not common to clostridia, in that a number of saccharolytic species tested was unable to do so. When citrate-fermenting sporeformers were isolated by the direct method as described, e.g., without enrichment procedures, all strains obtained belonged to one species, C. sphenoides. Thus, it appears that of the specimens studied C. sphenoides was the most common anaerobic sporeformer able to utilize citrate as an energy source. Moreover, all of the C. sphenoides strains obtained from the culture collections were able to grow with citrate. Since these strains were isolated and cultivated in media that did not contain citrate, it appears that the ability to grow on citrate is a distinct property of C. sphenoides. Consequently, the citrate medium employed here can be recommended for the selective enrichment and isolation of 4 5 CH2-COOH 3 6 HOo-C4COOH-CH2-COOH A similar situation exists within the Rhodospirillaceae; as far as known only Rhodopseudomonas gelatinosa is able to degrade citrate rapidly (28, 32) , and the isolation of phototrophic bacteria using citrate as a carbon source usually yields R. gelatinosa. Anaerobic 
